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Manufacturing chimeric antigen receptor (CAR) T cells with a
stem cell memory phenotype can enhance their persistence in
patients. Histone deacetylase inhibitors (HDACis) targeting
class I HDACs promote chromatin remodeling in virally
manufactured CAR T cells, leading to the activation of the
Wnt pathway, and ultimately improve CAR T cell persistence.
However, it is unknown whether the persistence of CRISPR-en-
gineered CAR T cells can also be enhanced through such
HDACi-mediated epigenetic modulation. CAR T cells engi-
neered using CRISPR-Cas9 to integrate a CAR construct into
the T cell receptor alpha constant (TRAC) were treated with
various class- or isoform-selective HDACis, and phenotypic,
functional, and metabolic changes were assessed in vitro and
in a GD2+ neuroblastoma xenograft model. Compared to un-
treated GD2 TRAC-CAR T cells, chidamide and mocetinostat
increased the stem cell memory marker expression (CD62L"/
CCR7"/IL-7Ra”). Chidamide induced a fragmented mito-
chondrial morphology and, in vivo, enhanced the persistence
and naive phenotype of the GD2 TRAC-CAR T cells without
upregulating exhaustion markers (PD-1/LAG3). These find-
ings suggest that in the management of treatment-resistant
pediatric solid tumors, utilizing chidamide during the
manufacturing of CRISPR-engineered CAR T cells may
enhance their persistence while retaining a naive phenotype.

INTRODUCTION

Chimeric antigen receptor (CAR) T cell therapy has revolutionized
cancer treatment in the last decade and has become an essential pillar
for hematological malignancies, including lymphoma and multiple
myeloma.' Despite their success in hematological cancers, CAR
T cells have not been as effective against solid tumors partly due to
poor persistence and exhaustion in the immunosuppressive tumor
microenvironment (TME).>® Neuroblastoma (NB), the most com-
mon extracranial pediatric solid tumor, universally overexpresses
the disialoganglioside GD2, which has been targeted by CAR T cells

in pre-clinical studies.” Clinically, high-risk and relapsed NB is asso-
ciated with a poor prognosis characterized by a 5-year survival around
50%.>” Although clinical trials have evaluated the safety and efficacy of
CARTT cells targeting GD2, outcomes remain poor.” Recently, Loca-
telli et al. reported the results of a phase 1/2 trial of a third-generation,
virally manufactured GD2-targeting CAR T cell in high-risk metasta-
tic, relapsed, or refractory NB in children. The overall response rate
was 66%, and after a median follow-up of 4.2 years, the 5-year overall
survival rate was 42.7%.” The GD2 CAR T cells persisted longer than a
year in most patients, and in some cases 5 years post-CAR T cell infu-
sion.” Such remarkable persistence has been previously attributed to
the relative level of stem cell memory phenotype of the CAR T cells
(Tscm) generated during ex vivo manufacturing.“]’12

A higher percentage of Tscy in the pre-infusion product correlates
with better long-term persistence in patients and can be character-
ized by the simultaneous expression of surface markers such as
CD62L, CCR7, and IL-7Ra (CD62L*/CCR7*/IL-7Ra*)."? Ex vivo
manufacturing of CAR T cells can be tailored to enrich for a Tscm
phenotype and metabolically fit phenotype by supplementing
different cytokines,'” inhibiting glycolytic pathways, brief metabolite
deprivations,”’”’ 17=19
Among these small molecules are histone deacetylase inhibitors
(HDAC:s), especially class I isoform inhibitors, which increase the
stem cell memory phenotype of virally manufactured CD19 and
GD2 CART cells by activating the Wnt/B-catenin pathway.”® The se-
lective targeting of class  HDAC increased the retention of stem cell
memory phenotype ex vivo, differentiation toward central memory
status in vivo, potency in vitro and in vivo, resistance to exhaustion,
and persistence of CAR T cells in vivo.”> HDACs are epigenetic

or treatment with various small molecules.
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regulators involved in various cellular processes including cell differ-
entiation, metabolic homeostasis, cancer progression, neurodegen-
eration, immunological function, and other biological functions.
They remove acetyl moieties from lysine residues on histones, result-
ing in a condensed and tightly packed chromatin structure that leads
to transcriptional repression and gene silencing.”' Based on their co-
factor dependency, HDACs can be dichotomized into two groups,
NAD"-dependent (class III) and zinc-dependent, which can be
further divided into class I, II, and IV based on their sequence ho-
mologies and cellular localization.*"**

All Food and Drug Administration (FDA)-approved gene vectors for
CAR manufacturing are y-retroviral or lentiviral-based, which insert
into random loci in the genome and can cause insertional oncogen-
esis and heterogeneous CAR expression.”””* An alternate strategy
uses CRISPR/Cas9 to insert gene vectors at the T cell receptor o con-
stant (TRAC) locus via homology-directed DNA repair mechanism
more reliably than viral vectors.”> *” By knocking out the T cell re-
ceptor (TCR), this approach limits excessive tonic signaling seen in
GD2 CAR T cells that can lead to anergy and exhaustion in vivo.”®
Additionally, transcription is controlled by the endogenous TRAC
promoter, resulting in lower signaling than a constitutive promoter
without affecting potency.”® The efficacy of this approach was
recently demonstrated in a GD2" NB xenograft model, where the
subsequently generated CAR T cells (GD2 TRAC-CAR T cells)
were less exhausted and had a greater percentage of Tscy compared
to virally manufactured GD2 CAR T cells.”®

The aforementioned increase in the stem cell memory phenotype
with HDACis has only been observed in virally manufactured
CART cells, so it is unknown whether these findings could be gener-
alized toward virus-free CRISPR CAR T cells. Given the stem-like
state of CRISPR-engineered TRAC-CAR T cells and reduction in dif-
ferentiation/exhaustion in vivo due to TCR knockdown,”®*’ an
HDACi-induced phenotype may be more sustained in TRAC-CAR
T cells than in virus-derived CAR T cells. Additionally, the lack of
an endogenous TCR in TRAC-CAR T cells also affects NAD(P)H
binding and cytoplasm size,”’ suggesting that HDACi may modulate
TRAC-CAR T cell phenotypes differently. Herein, we manufactured
virus-free CRISPR CAR T cells where the CAR construct (GD2
CAR) was inserted into the TRAC locus and evaluated whether the
inhibition of selected classes of zinc-dependent HDAC would further
enhance the stem-like properties of CRISPR-based GD2-CAR
T cells. We found that the class I (HDAC1/2/3) and HDAC10 inhib-
itor, chidamide, enhanced the stem cell memory phenotype in vitro
while enhancing persistence and the proportion of less differentiated
cells in vivo. These findings hold promise for enhancing the longevity
and efficacy of TRAC-CAR T cell therapies for solid tumors.

RESULTS

Class | HDAC inhibitors enhance stem-like phenotypes

A desirable CAR T cell pre-infusion product should have a balance of
potent memory/effector cells, with stem-like phenotype, for optimal
therapeutic efficacy.'”'” We manufactured GD2 TRAC CAR T cells
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by electroporating primary T cells isolated from healthy donors in
the presence of a CRISPR/Cas9 ribonucleoprotein (RNP) targeted to
the TRAC locus and a homology-directed repair template encoding a
GD2 CAR as previously done (Figure S1)."* GD2 TRAC CAR T cells
manufactured from different donors were cryopreserved on day 14
for subsequent use. Upon thawing, the GD2 TRAC-CAR T cells
were allowed to rest for 24 h before a 3-day treatment with HDACis
(Figure 1A). Five small molecule inhibitors targeting different
HDAC isoforms were used, including (1) chidamide, HDAC 1/2/3
(class I) and HDAC10 (class IIb); (2) mocetinostat HDAC 1/2/3 (class
I), and HDAC 11 (class IV); (3) PCI-34051, HDAC 8 (class I); (4)
tubastatin A, HDAC 6 (class IIb); and (5) vorinostat, pan-isoform in-
hibitor. The GD2 TRAC-CAR T cells were treated with eight different
concentrations (ranging from 10> to 10° nM) of each inhibitor, and
their viabilities were assessed after 72 h using a CCK8 assay to generate
ICs curves (Figure S2). A sub-therapeutic concentration of each inhib-
itor was selected to minimize cell death while preserving biological ef-
fects and subsequently used throughout the conducted studies
(Table S1). We observed that the treatment of GD2 TRAC-CAR
T cells with the aforementioned sub-therapeutic dose of each inhibitor
was not detrimental to the GD2 TRAC-CAR T cell viability
(chidamide: 2.0-fold [0.5], mocetinostat: 1.7-fold [0.3], PCI-34051:
2.0-fold [0.3], tubastatin A: 1.7-fold [0.4], vorinostat: 1.7-fold [0.7],
and untreated: 1.8-fold [0.1]) or expansion (chidamide: 64.7% [3.1],
mocetinostat: 64.3% [8.5], PCI-34051: 69.0% [2.6], tubastatin A:
62.0%[3.0], vorinostat: 65.3% [4.9], and untreated: 61.0% [6.1])
(Figure S3).

The differentially treated GD2 TRAC-CAR T cells were stained to eval-
uate the expression of various markers of memory, exhaustion, activa-
tion, and cytotoxicity, including CD45RO, CD45RA, LAG3, PD-1,
KLRG1, CD62L, CCR7, IL-7Ra, NKG2D, TRAIL, FASL, and HLA-
DR, and subsequently analyzed by spectral flow cytometry. The
expression of these markers was determined by the analysis of GD2
TRAC-CAR T cells that were gated as live cells, lacking the TCR
(TCR") and expressing the CAR (CAR+) (Figure S4). In a reduced
two-dimensional t-distributed stochastic neighbor embedding (t-
SNE) space, single cells were separated based on apparent differences
in surface marker expression and analyzed to assess whether differen-
tial HDACi treatment led to any global differences in the expression of
the Tscy markers. While GD2 TRAC-CAR T cells from each treat-
ment overlapped and spanned most of the t-SNE space, PCI-34051-
treated cells did not occupy the lower right corner (Figure 1B). Inter-
estingly, chidamide and mocetinostat, relative to other treatments, had
a higher number of cells in the lower right corner (Figure 1B). Notably,
this area represented about 93% of cells with co-expression of three
markers for Tscm: CD62L, CCR7, and IL-7Ra (Figures 1C and S5).
Consequently, we quantified the percentage change in Tscy markers
and observed that both chidamide and mocetinostat increased the
co-expression of Tscy markers by over 80% relative to untreated
GD2 TRAC-CAR T cells, which was a significantly higher increase
compared to PCI-34051 and tubastatin A: Tscy: (chidamide: 81.2%
[28.9], mocetinostat: 80.1% [38.8], PCI-34051: —61.0% [17.6], tubasta-
tin A: 1.8% [40.8], vorinostat: 50.8% [65.6]) (chidamide vs. PCI 34051:
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Figure 1. Chidamide or mocetinostat treatment enriches the stem cell memory (Tscm) phenotype of GD2 TRAC-CAR T cells

(A) GD2 TRAC-CART cells were manufactured over the course of 14 days and cryopreserved. After thawed, they were rested for 24 h before treatment with HDACis for 72 h.
(B) Marker expression t-SNE plots of GD2 TRAC-CAR T cells were treated with chidamide, mocetinostat, PCI-34051, tubastatin A, vorinostat, or vehicle (untreated). These
plots were generated using flow cytometry data for expression of CD45R0, CD45RA, LAG3, PD-1, KLRG1, CD62L, CCR?7, IL-7Ra, NKG2D, TRAIL, FASL, and HLA-DR on
500 Live/TCR™/CAR™ T cells from each analytical replicate. (C) t-SNE plot showing Tscm (CD62LY/CCR7*/IL-7Ra™) T cells and box containing most Tscwm (93%) for visu-
alization. (D) Representative histograms of CD62L, CCR7, and IL-7Ra in HDACi-treated GD2 TRAC-CAR T cells showing the relative positive percentage for each marker
within the bulk population. (E) Bar graph showing the percentage change in Tscy (CD62L*/CCR7*/IL-7Ra*) relative to untreated GD2 TRAC-CAR T cells for each HDACI-
treated group. Three biological donors, Nhigamide = 5 data points, Nyosetinostat = 5 data points, Npci.a4051 = 6 data points, Ntypastatin o = 5 data points, and Nyerinostat = 4 data
points. Error bar represents standard deviation. Statistical significance was determined with one-way ANOVA test using Dunnett’s T3 test for multiple comparisons; *p < 0.05,

**p < 0.01, **p < 0.0001.

P <0.0001, chidamide vs. tubastatin A: p =0.0303, mocetinostat vs. PCI
34051: p < 0.0001, mocetinostat vs. tubastatin A: p = 0.0245, PCI 34051
vs. vorinostat: p = 0.0019). (Data are reported as mean [standard devi-
ation]). Vorinostat modestly increased expression of these markers
relative to PCI-34051, while tubastatin A and PCI-34051 decreased
or did not affect such expression (Figures 1D and 1E). These trends
appear predominantly driven by changes in IL-7Ra expression
(Figure S5). As with third-generation GD2 TRAC-CAR T cells, we
saw a similar enrichment of a Tscy phenotype in second-generation
PSMA TRAC-CAR T cells with a 4-1BB co-stimulatory domain,
although the difference between the untreated and chidamide- or mo-
cetinostat-treated CAR T cells was driven almost entirely by CD62L
upregulation (Figure S6). Surprisingly, these results were accompanied
by a decrease in p-catenin, suggesting an alternate pathway could
explain Tscy marker upregulation (Figure S7).

Additionally, chidamide and mocetinostat produced modest shifts in
T cell subsets, increasing the proportion of cytotoxic (CD8") while
decreasing helper (CD4") T cells (Figure S8A). Vorinostat slightly
decreased helper T cells (Figure S8A). Chidamide and mocetinostat
raised the proportion of effector-like (CD45RO™/CD45RA™) T cells
without altering the central memory (CD45RO*/CD45RA ™) popula-
tion (Figure S8B). Exhaustion or anergy markers (PD-1, LAG3, and
KLRG1) were unchanged following HDACi treatment (Figure S9).

HDACI-treated GD2 TRAC-CAR T cells retain their cytotoxicity
against GD2-expressing NB cells in vitro

Given that phenotypical changes skewing toward a Tscy phenotype
in GD2 TRAC-CAR T cells can result in lower in vitro potency
against NB,'" we measured the cytotoxicity of HDACi-treated
GD2 TRAC-CAR T cells during co-culture with the GD2-expressing
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Figure 2. HDACi-treated GD2 TRAC-CAR T cells remain potent against GD2-expressing neuroblastoma CHLA-20 tumor

(A) GFP-expressing CHLA-20 cells were plated 24 h before adding the GD2 TRAC-CAR T cells treated with chidamide, mocetinostat, PCI-34051, tubastatin A, vorinostat, or
vehicle (untreated) at a 10:1 effector-to-target ratio. GD2 TRAC-CART cell cytotoxicity was evaluated using the IncuCyte Live-Cell Analysis System. (B) GD2 TRAC-CART cell
cytotoxicity was measured by tracking tumor fluorescence (GFP area: pmz). (C) The percent cytolysis of CHLA-20 cells for each treatment group over time (hours). (D) Bar
graphs depicting the percent cytolysis at 72 h for each treatment. Two donors, Nchigamide = NMocetinostat = Npci-34051 = NTubastatin A = Nvorinostat = Nuntreated = 6 data points.
Error bars represent mean and standard error of the mean (A, B, D, and E) or standard deviation (C and F). Statistical significance was determined with one-way ANOVA test

using Dunnett’s T3 test for multiple comparisons; *p < 0.05, *p < 0.01, **p < 0.001.

NB cell line, CHLA20. To this end, GD2 TRAC-CAR T cells were
treated for 72 h with chidamide, mocetinostat, PCI-34051, tubastatin
A, vorinostat, or vehicle (untreated), after which HDACis were
removed and rested in media for 24 h before they were added to
co-cultures with GFP-expressing CHLA-20 cells at an effector-to-
target (E:T) ratio of 10:1 (Figure 2A). The viability of tumor cells
(CHLA-20) was measured for 72 h using the IncuCyte Live-Cell
Analysis System as previously reported.'****"~*> HDACi treatment
had little effect on potency, except for vorinostat which markedly
decreased cytolysis compared to all groups except for tubastatin A
(chidamide: 84.0% [5.4], mocetinostat: 80.2% [11.3], PCI-34051:
76.8% [17.6], tubastatin A: 54.3% [45.7], vorinostat: 18.3% [26.9],
and untreated: 68.7% [25.4]) (chidamide vs. vorinostat: p = 0.0014,
mocetinostat vs. vorinostat: p = 0.0029, PCI 34051 vs. vorinostat:
p = 0.0052, and vorinostat vs. untreated: p = 0.0211) (Figures 2B-
2D). Next, we investigated the expression of two cytotoxic molecules,
interferon gamma (IFN-y) and perforin, in response to the CAR acti-
vation by the GD2 antigen. GD2 TRAC-CAR T cells treated with
HDACI were co-cultured with CHLA-20 cells at a 5:1 E:T ratio for
24 h, and intracellular flow cytometry was performed on the
HDACi-treated GD2 TRAC-CAR T cells. We observed similar
IFN-y and perforin expression across all HDACi-treated GD2
TRAC-CAR T cells except with mocetinostat-treated GD2 TRAC-
CAR T cells that displayed an increase in perforin expression
(Figure S10).

From our previous spectral flow cytometry analysis, we observed
that ligands associated with CAR-independent killing pathways
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(NKG2D, TRAIL, and FasL) were significantly decreased after
HDACi treatment (Figure S11). Notably, vorinostat produced the
greatest reduction in TRAIL and NKG2D expression among the
HDACis investigated (Figure S11). Given that chidamide and moce-
tinostat boosted the Tscy without compromising GD2 TRAC-CAR
T cell cytotoxicity, subsequent screening and analyses were limited to
these HDACis.

The class | HDACis chidamide and mocetinostat have different
impact on GD2 TRAC-CAR T cell lactate production

Both HDAC:; treatment and changes in stem cell memory phenotype
can be accompanied by shifts in metabolism.'"**** To assay for this,
we collected media samples from thawed GD2 TRAC-CARTT cells af-
ter 72 h of HDAC] treatment and measured the concentrations of
glutamate, glutamine, lactate, and malate using high-throughput as-
says (Figure 3A). Given that improving the stem memory compart-
ment in GD2 TRAC-CAR T cells can result in reduced lactate pro-
duction, we anticipated that chidamide and mocetinostat will yield
similar findings.'* We normalized the concentrations of each metab-
olite to the vehicle (untreated) and expressed them as a percentage.
Surprisingly, we saw chidamide did not affect lactate production
while mocetinostat significantly reduced it, as evidenced by a nearly
50% decrease in lactate relative to chidamide (chidamide: 99.0%
[26.9], mocetinostat: 52.2% [10.9]) (chidamide vs. mocetinostat:
p =0.0031) (Figure 3B). The production of malate, a key metabolite
in the citric acid cycle, appeared to be decreased following mocetino-
stat treatment by approximately 12% (chidamide: 77.3% [12.6], mo-
cetinostat: 64.6% [3.2]) (chidamide vs. mocetinostat: p = 0.0212)
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Figure 3. HDACi-treated TRAC-CAR T cells modulate various metabolite production

(A) Experimental scheme: thawed GD2 TRAC-CAR T cells were treated with chidamide,

mocetinostat, or vehicle (untreated) for 72 h. The supernatant was collected, and the

concentrations of various analytes including lactate, glucose, malate, glutamate, and glutamine were measured. Bar graphs depicting the percentage of metabolite in media
relative to untreated samples for (B) lactate, (C) malate, (D) glutamine, or (E) glutamate for each condition. Three donors, Nchigamide = NMocetinostat = Nuntreated = 9 data points.
Error bar represents standard deviation. Statistical significance was determined with one-way ANOVA tests using Dunnett’s T3 test for multiple comparisons; *p < 0.05,

*p <0.01.

(Figure 3C). Glutamine consumption (chidamide: 97.8% [6.3], mo-
cetinostat: 100.0% [7.9]) was not significantly affected, while gluta-
mate production (chidamide: 100.1% [4.1], mocetinostat: 94.0%
[1.1]) (chidamide vs. mocetinostat: p = 0.0056) appeared slightly
reduced by the mocetinostat treatments, albeit only by 6%
(Figures 3C and 3D).

To complement the metabolite profiling, we measured oxygen con-
sumption rate (OCR) using the Resipher Dynamic Oxygen Con-
sumption Reader, which continuously monitors the oxygen in cell
culture media over time, providing real-time metabolic informa-
tion.>* To this end, GD2 TRAC-CAR T cells (100,000 per well)
were treated with chidamide or mocetinostat, and the OCR was
monitored for 4 days in 96-well plates (Figure S12A). Mocetinostat
significantly reduced OCR compared to untreated GD2 TRAC-
CAR T cells, whereas chidamide had no effect (Figures S12B
and S12C).

Chidamide and mocetinostat have diverging effects on
mitochondrial morphology

Given that lactate and malate metabolism can correlate with mito-
chondrial function’>*® and changes in T cell differentiation status
can affect mitochondrial morphology,”” we further investigated the
morphology of mitochondria in the GD2 TRAC-CAR T cells
following HDACi treatment. We used confocal microscopy to
generate z stacks of GD2 TRAC-CAR T cell mitochondria stained
with MitoTracker Red CMXRos. Z stacks were processed (Image])
to assess mitochondrial morphology features (Figure 4A) and ranked
by importance using a permutation test (Figure S13). Chidamide and
mocetinostat appeared to have opposite effects on the mitochondria
where they induced a smaller/less branched and larger/more branched
morphology, respectively, relative to untreated TRAC CAR T cells
(Figure 4B). We then compared the top three most important features
(total mitochondrial volume, total mitochondrial surface area, and to-
tal length of mitochondrial branches) and confirmed that chidamide
induced a smaller, fragmented morphology, while mocetinostat had
the opposite effect (chidamide: 26.0 pm’ [20.0], mocetinostat:
43.5 ym° [25.0], untreated: 34.4 pm° [15.4]) (chidamide vs. mocetino-

stat: p <0.0001, d = 0.37, chidamide vs. untreated: p = 0.0044, d = 0.49,
mocetinostat vs. untreated: p = 0.0019, d = 0.21), surface area (chida-
mide: 113.2 pm? [80.6], mocetinostat: 174.5 pm? [100.7], untreated:
141.3 pm? [63.2]) (chidamide vs. mocetinostat: p <0.0001, d = 0.31,
chidamide vs. untreated: p = 0.0238, d = 0.40, mocetinostat vs. un-
treated: p = 0.006, d = 0.36), and branch length (chidamide: 34.5 pm
[26.2], mocetinostat: 55.6 pm [35.3], untreated: 43.7 pm [23.3])
(Figure 4C). The number of mitochondria detected per cell (chida-
mide vs. mocetinostat: p < 0.0001, d = 0.30, chidamide vs. untreated:
p =0.0368, d = 0.38, mocetinostat vs. untreated: p = 0.0243, d = 0.19)
(chidamide: 8.5 mitochondria [6.1], mocetinostat: 8.6 mitochondria
[5.6], untreated: 8.0 mitochondria [5.2]) (chidamide vs. mocetinostat:
d =0.09; chidamide vs. untreated: d = 0.09; mocetinostat vs. untreated:
d =0.03) (Figure 4C) and mitochondrial mass assessed by flow cytom-
etry (Figure S14) remained unchanged with HDAC; treatment, indi-
cating that the observed morphological changes were not due to the
degradation or biogenesis of mitochondria.

To isolate the individual contribution of class I, IIb, and IV
HDAC inhibition to the observed phenotype and morphological
changes, we treated GD2 TRAC-CAR T cells with additional
inhibitors, entinostat (HDAC1/2/3), DFK2 (HDACI10), or FT895
(HDACI1) (Tables S1 and S2). We assessed changes in stem-like
markers following treatment with chidamide, mocetinostat, entino-
stat, DFK2, FT895, and various combinations of these inhibitors
including entinostat + DFK2 and entinostat + FT895. Compared to
untreated GD2 TRAC-CAR T cells, only class I inhibition increased
stem-like marker expression (Figures SI5A and S15B). We then
compared the mitochondrial morphology of each treatment group
and observed that chidamide, entinostat, and DFK2 consistently led
to reduced mitochondrial surface area, volume, and total branch
length (Figure S15C), suggesting both HDAC1/2/3 and HDAC10
contribute to the observed fragmentation.

Chidamide increases GD2 TRAC-CAR T cell persistence in vivo

Given that in vitro Tscy phenotype changes, as well as shifts in meta-
bolism and mitochondrial morphology can affect persistence,
exhaustion, and memory formation in vivo,'*® we evaluated the
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Figure 4. Chidamide and mocetinostat change
mitochondrial morphology in GD2 TRAC-CAR

T cells

(A) Experimental scheme: thawed GD2 TRAC-CART cells
were treated with HDACGI for 72 h and stained with
MitoTracker Red CMXRos, imaged on a single-cell level,
and analyzed using Imaged. (B) Representative images
of each HDACI treatment condition (chidamide,
mocetinostat, or untreated). (C) Violin plot of the number
of mitochondria in each single cell, the total volume,
total surface area, and total branch length per cell for
each HDAGI treatment. Two donors, Nchigamide = 83,
Numocetinostat = 81, Nuntreated = 161 data points. Error bars
represent standard deviation. Statistical significance was
determined with one-way ANOVA test using Dunnett’s
T3 test for multiple comparisons; “o < 0.05, **p < 0.01,
****p < 0.0001.
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We subsequently observed no statistically sig-
nificant difference in tumor size between the
three treatment arms (chidamide: 2.9¢7 pho-
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photons/s/cmz/sr [1.4e7], untreated: 1.2e7 pho-
tons/s/cm?/sr [7.5€6]) (Figures 5B and 5C),
suggesting that GD2 TRAC-CAR T cells retain
similar antitumor activity in vivo as observed
with our in vitro data.
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Nineteen days after the GD2 TRAC-CART cell
infusion, the spleens were harvested, and the

impact of the HDACi treatment (chidamide and mocetinostat) in a
xenograft model of NB in NOD-Rag1™"IL2rg"" (NRG) mice. First,
to further establish clinical relevance, we confirmed that chidamide
and mocetinostat induce similar phenotypic changes in freshly man-
ufactured, non-cryopreserved GD2 TRAC-CAR T cells (Figure S16).
Then, 10 million luciferase-expressing GD2" NB cells (CHLA-20)
were subcutaneously implanted in NRG mice, and 5 days later
they were randomized based on tumor bioluminescence into the
treatment arms including (1) chidamide-treated, (2) mocetinostat-
treated, and (3) vehicle (untreated) non-cryopreserved GD2
TRAC-CAR T cells freshly manufactured from T cells obtained
from a healthy donor. Tumor-bearing mice were intravenously
(i.v.) administered 1.5 million GD2 TRAC-CAR T cells treated
with chidamide or mocetinostat or vehicle (untreated) prior to
mice injection (Figure 5A). The GD2 TRAC-CAR T cells were treated
with the HDACi for 72 h and rested for 48 h before i.v. administra-
tion. Tumor size was monitored through bioluminescence on days 0,
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expression of memory, exhaustion, and lineage
markers was analyzed by flow cytometry
(Figure S17). To assess persistence, we quanti-
fied the number of overall T lymphocytes using
the pan immune and T cell markers CD45 and
CD5 and GD2 TRAC-CAR T cells by gating
lymphocytes on CAR"/TCR™ events in the spleen. We observed a
10- and 5.6-fold increase in CD45"/CD5" lymphocytes with chida-
mide treatment relative to mocetinostat (chidamide: 5,053 cells
[6,330], mocetinostat: 503.4 cells [407.6], untreated: 905.2 cells
[915.1]) (chidamide vs. mocetinostat: p = 0.0094, chidamide vs. un-
treated: p = 0.047) and untreated and a 14.8- and 11.1-fold increase in
CAR'/TCR™ lymphocytes with chidamide treatment relative to mo-
cetinostat and untreated GD2 TRAC-CAR T cells (chidamide: 772
cells [1,127], mocetinostat: 52.3 cells [44.4], untreated: 69.4 cells
[82.6]) (chidamide vs. mocetinostat: p = 0.0218, chidamide vs. un-
treated: p = 0.0594) (Figure 5D). Of note, chidamide enriched for
both CD8" (chidamide: 715 cells [1,073], mocetinostat: 41 cells
[38], untreated: 40 cells [45]) (chidamide vs. mocetinostat: p =
0.0241) and CD4" (chidamide: 57 cells [81], mocetinostat: 9 cells
[9], untreated: 7 cells [7]) (chidamide vs. mocetinostat: p = 0.0362)
TRAC-CAR T cells, but preferentially for CD8" (Figure 5D). This
coincided with a significant increase in CD8" cytotoxic GD2
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Figure 5. Chidamide enhances GD2 TRAC-CAR T cell persistence in vivo
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(A) Experimental scheme: NRG mice were injected with CHLA-20 cells imaged, randomized, and injected with GD2 TRAC-CAR T cells treated with chidamide, mocetinostat,
or non-treated, and imaged once per week. After 19 days, mouse spleens were isolated and stained with a spectral flow cytometry immunophenotype panel. (B) Repre-
sentative bioluminescence images of mice treated with vehicle (untreated), chidamide-treated, and mocetinostat-treated GD2 TRAC-CAR T cells were taken on days 0, 2,
and 9 post-CAR T cell injection. (C) Total tumor flux (p/s) for each treatment arm showing no statistical difference. (D) Bar graph depicting the percent of CD45*/CD5+,
CD45*/CD5*/TCR™/CAR", CD45*/CD5"/TCR~/CAR*/CD8*, and CD45*/CD5*/TCR™/CAR*/CD4" lymphocytes from isolated mouse spleens for mice treated with chi-
damide, mocetinostat or untreated GD2 TRAC-CAR T cells. One donor, Nghigamide = 5, NMocetinostat = 9, Nuntreated = 3 Mice measured in triplicate for persistence analysis. One
donor, Nehidamide = 15, Nvocetinostat = 12, Nuntreated = 9 data points. Error bars represent standard deviation. Statistical significance was determined with one-way ANOVA test

using Dunnett’s T3 test for multiple comparisons; “p < 0.05, **p < 0.01.

TRAC-CART cells and subsequent decrease in CD4" within the bulk
population following chidamide treatment relative to mocetinostat
(Figure S18). These findings indicate that chidamide increased
GD2 TRAC-CAR T cell persistence in vivo, with a preference for
CD8" cells.

Chidamide enhances naive phenotype in vivo without inducing
exhaustion

We next assessed T cell differentiation within live/CD45"/CD5"/
TCR™/CAR" splenic lymphocytes by constructing a reduced two-

dimensional t-SNE space using the expression of CD45RO,
CD45RA, LAG3, PD-1, KLRG1, CD39, TIM3, TIGIT, CD62L,
CCR7, IL-7Ra, NKG2D, TRAIL, FASL, and HLA-DR in pooled
samples of GD2 TRAC-CAR T cells isolated from spleens of chida-
mide-treated, mocetinostat-treated, and untreated GD2 TRAC-CAR
T cells separated in the t-SNE space signaling potential differences in
marker expression between the groups (Figure 6A). Samples sepa-
rated visually into a left, top, and right group, where the left group,
which defines the Tgcy (CD62LT/CCR7*/IL-7Ra™) cells, was en-
riched for chidamide-treated GD2 TRAC-CAR T cells and the right

Molecular Therapy: Oncology Vol. 34 June 2026 7



Molecular Therapy: Oncology

Untreated| Tscm|
o~
w
=z
?
bl - - ¢
"t.SNE1 t-SNE 1
IL-7RA c
75.9% 39.5% 10.0% 100
Chidamide 80
| \/\\\ SR
53.5% 25.6% 14.0% g *
. e
Mocetinostat o
20 °
“'/V\ jv\'"L —/\/\l\h o2=s
34.3% 22.9% 11.4% 0-
RGN
Untreated & & F
&F & &
"/ F
ol LA =N WX MRS
D Chidamide Mocetinostat Untreated E
X 6T{)3° L1314 4T5e.;°/ o
_ O | O n Q
£ i 3
s : : <
= g b g
n N | o =
S wd i d s
@ N
b ] -
I 10" 44,65 465 '

PD-1-BV785 (RFU)

Figure 6. Chidamide enhances GD2 TRAC-CAR T cell naive phenotype and resistance to exhaustion in vivo

(A) Marker expression t-SNE plots of vehicle (untreated), chidamide-treated, and mocetinostat-treated GD2 TRAC-CAR T cells generated using flow cytometry data for
expression of CD45R0, CD45RA, LAG3, PD-1, KLRG1, CD39, TIM3, TIGIT, CD62L, CCR7, IL-7Ra, NKG2D, TRAIL, FASL, and HLA-DR on Live/CD45%/CD5*/TCR~/CAR*
splenic lymphocytes. t-SNE shows separation for chidamide, mocetinostat, or Untreated GD2 TRAC-CAR T cells, Tscwm (stem cellmemory: CCR7*/CD62LY/IL-7Ra*) and Tey
(exhausted: PD-1*/LAG3™); (B) representative histograms of CD62L, CCR7, and IL-7Ra; and (C) bar graph showing percentage of Tscy (CD62L*/CCR7*/IL-7Ra*) for vehicle
(untreated), chidamide-treated, mocetinostat-treated GD2 TRAC-CART cells. (D) Representative contour plots of vehicle (untreated), chidamide-treated, and Mocetinostat-
treated GD2 TRAC-CAR T cells depicting PD-1 vs. LAG3 expression. (E) Bar graph of double-positive (PD-1*LAG3") populations (Te,). Populations with less than 20 events
were omitted from phenotypic analysis. One donor, Nchidamide = 15, Nuocetinostat = 12, Nuntreated = 6 data points. Error bars represent standard deviation. Statistical sig-
nificance was determined with one-way ANOVA tests using Dunnett’s T3 test for multiple comparisons; *p < 0.05.

group, defining mainly the exhausted T cells (T.,: PD-17/LAG3"),
appeared enriched for mocetinostat-treated GD2 TRAC-CAR
T cells (Figure 6A). Indeed, the fraction of Tscy was the highest
following chidamide treatment and was 4-fold higher than that of
untreated GD2 TRAC-CAR T cells (chidamide: 11.6% [9.5], moce-
tinostat: 8.7% [4.9], untreated: 2.8% [1.8]) (chidamide vs. untreated:
p=0.0417) (Figures 6B and 6C), which appeared primarily driven by
significantly higher CD62L and CCR7 but not IL-7Ra, as its expres-
sion was unchanged relative to untreated cells (Figure S19). Coin-
ciding with the trends in t-SNE plots, mocetinostat treatment re-
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sulted in significantly more exhausted GD2 TRAC-CAR T cells
than either chidamide or untreated GD2 TRAC-CAR T cells (chida-
mide: 40.1% [11.1], mocetinostat: 54.9% [14.8], untreated: 38.2%
[12.9]) (chidamide vs. mocetinostat: p = 0.0161, mocetinostat vs. un-
treated: p = 0.0371) (Figures 6D and 6E). Specifically, mocetinostat
treatment induced higher expression of PD-1, LAG3, and CD39
compared to chidamide treatment, while TIGIT and TIM3 expres-
sion remained unchanged (Figure S20). Chidamide treatment alone
induced significantly higher expression of KLRG1 (Figure S20C).
An increase in stem cell memory phenotype in TRAC-CAR T cells
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can translate to an enriched central memory phenotype in vivo."*
However, we observed that CD45RA and CD45RO expression was
virtually unchanged by HDACi treatment, with more cells occu-
pying a memory-like (CD45RO"/CD45RA™) than effector-like
(CD45RO/CD45RA™) state (Figure S21). We also analyzed the
expression of receptors for CAR-independent killing pathways
and the late-stage activation marker HLA-DR. The expression of
TRAIL, NKG2D, and HLA-DR was unchanged with HDACI treat-
ment (Figure S22). However, we noted a significant decrease in
Fas ligand expression with chidamide treatment relative to other
conditions (Figure S22).

To determine how chronic stimulation in the short term could lead
to these observed differences, we subsequently investigated the
response of GD2 TRAC-CAR T cells treated with HDACis to serial
stimulation by CHLA-20 NB cells. HDACi-treated GD2 TRAC-
CAR T cells and CHLA-20 cells were added to 12-well plates in a
2:1 E:T ratio, with additional CHLA-20 cells added every 2-3 days.
Ten days after the initiation of the co-culture, the expression of
memory and exhaustion markers was assessed by spectral flow cy-
tometry (Figure S23). We observed a greater retention of an
effector-like population, a reduction in central memory-like cells,
and a more naive T cells phenotype with mocetinostat treatment,
while there was little
(Figure S24).

difference in the exhaustion markers

DISCUSSION

We used a class selective HDAC inhibitor, chidamide (class I/IIb), to
enhance the function and the Tscy phenotype of GD2 TRAC-CAR
T cells. The incorporation of this small molecule in the
manufacturing process yielded an improved pre-infusion CAR
T cell product without adding complexity and prolonging their
manufacture. Unlike prior studies using virally engineered CAR
T cells,”® our approach utilized CRISPR-Cas9-mediated insertion
of a 3.7 kb HDR template into the TRAC locus, enabling evaluation
of HDAC: effects in a non-viral context. The transient disruption of
HDAC1/2/3/10 (with chidamide) promoted the expression of Tscy
surface markers while enhancing in vivo persistence compared to un-
treated GD2 TRAC-CAR T cells.

Across multiple HDACis evaluated (Table S1), chidamide and moce-
tinostat significantly increased the proportion of CD62L"/CCR7"/
IL-7Ra" cells by over 75%, indicating a pronounced shift toward a
Tscm-like phenotype (Figure 1). The isoform selectivity of these
two HDAC:is suggests that the observed phenotypic shifts might be
due to the targeted modulation of HDAC 1, 2, 3, 10, or 11. This
finding was corroborated by a similar rise in CD62L in a second-gen-
eration PSMA TRAC-CAR T cells with a 4-1BB co-stimulatory
domain (Figure S6). Although we do not observe an increase in
CCR?7 and IL-7Ra, the increase in CD62L may be sufficient to sup-
port our findings, since CD62L is arguably considered a more stable
indicator of a transition toward a stem-like phenotype.'"*” These
align with a previous report showing elevated CD62L expression,
with virally manufactured GD2 CAR T cells following treatment

with class T HDACis such as chidamide and M344.>° These changes
coincided with reduced exhaustion, enhanced potency in vitro and
in vivo, and improved persistence driven by an increase in Wnt/
B-catenin signaling and histone acetylation (H3K27ac, H3ac, and
H4ac).”® By contrast, we observed a reduced B-catenin expression
following class I HDACi treatment, suggesting that the increase in
stem memory surface markers arises via an alternate pathway
(Figure S7). Chidamide has been observed to inhibit Wnt/
B-catenin signaling via MYCN inhibition and DKK3 upregulation
in lymphomas.**~** Thus, it is possible that chidamide simply down-
regulated p-catenin levels through the aforementioned mechanism.
In the absence of B-catenin to stabilize TCF1/LEF-1 complexes,
they can still regulate target genes through alternative binding factors
such as ATF2 or ALY,*>** which is likely aided by the increased tran-
scriptional access of stem-like genes like SELL and CCR7.** Notably,
chidamide or mocetinostat treatment did not further downregulate
exhaustion surface markers (PD-1 or LAG3) likely because
CRISPR-engineered TRAC-CAR T cells already exhibit reduced
levels of them in vitro and in vivo compared to virally manufactured
cells'"**® (Figure S9).

Stem-like GD2 TRAC-CAR T cells have previously shown a reduced
potency against the GD2* NB cell line, CHLA-20,”® which also coin-
cided with an increase in CD62L/CCR?7 expression.'* Chidamide or
mocetinostat treatment did not significantly impact cytotoxicity,
only vorinostat did (Figure 2). This impairment may reflect the
downregulation of alternative cytotoxic pathways such as NKG2D,
TRAIL, or FasL (Figure S11) and/or vorinostat’s known inhibition
of ZAP70 and AKT phosphorylation, which are crucial for effective
CAR signaling.** Notably, mocetinostat uniquely increased perforin
(Figure S10), yet reduced lactate secretion, malate, and oxygen con-
sumption may suggest insufficient metabolic support for sustained
cytotoxicity, yielding a net neutral effect on CAR T cell potency
(Figures 3 and S12). These findings contrast prior reports that class
I HDAC inhibition enhances cytotoxic function and upregulates
cytotoxic genes such as GZMB, IFNG, and CD8a.”°

Chidamide markedly remodeled mitochondrial morphology toward a
more fragmented phenotype (Figure 4). Smaller, less-branched mito-
chondria can be an indicator of increased capacity for glycolysis and
mitophagy, which could provide the metabolic machinery for a rapid
transition into an effector-like upon repeated antigen stimulation.””**
In vivo, chidamide increased the absolute numbers of total CAR®,
CD8", and CD4" T cells and upregulated KLRG1 compared to moce-
tinostat or untreated GD2 TRAC-CAR T cells (Figure 6). KLRG1 can
indicate terminal effector differentiation (Figure $20),"*"*®
explain the increased burst in proliferation with chidamide. However,
it may eventually limit proliferation in highly differentiated sub-
sets,*”*" especially in NB that can overexpress one of its ligands,
N-cadherin, a likely reason for the lack of improved potency in vivo
or in vitro.”">* The increase in GD2 TRAC-CAR T cell number
following chidamide treatment may be due to the reduction of
FasL expression, limiting Fas/FasL-mediated fratricide killing and
improving persistence.” Although PD-1, LAG3, and CD39 were

which can
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expressed across all treatment groups in vivo, mocetinostat induced
the highest levels (Figures 6 and S20), possibly due to metabolic
dysfunction (reduced lactate secretion and oxygen consumption).
Persistent T cell subsets expressing PD-1 and LAG3 that have been
observed in patients with acute lymphoblastic leukemia (ALL) can
last for more than 18 years,” suggesting these factors alone do not
indicate dysfunction. Given the downregulation of Tscy markers
in vivo from T cell differentiation, in vivo intervention with chidamide
could restore a naive phenotype while reducing exhaustion as seen
previously.”® Furthermore, chidamide, in combination with GD2
TRAC-CART cells, could remodel the solid TME by modulating can-
cer metabolism and immunosuppressive cell types.” >’

Although pre-treatment with chidamide increases Tgcy markers and
persistence in vivo, it targets multiple isoforms, making it difficult to
unequivocally determine whether the observed effects are attribut-
able specifically to class I HDACs (HDAC1/2/3) or HDACI10 or if
they involve cooperative activity between these isoforms. We subse-
quently tested entinostat, a class I (HDAC1/2/3) HDAC], and DFK2,
a HDACI10 inhibitor, and observed that class I (HDAC1/2/3) inhibi-
tion drove the increase in Tgcy; surface markers, whereas mitochon-
drial fragmentation was due to the combination of HDAC1/2/3 and
HDACI0 (Figure S15). The divergent effects of chidamide and mo-
cetinostat may stem from their selective inhibition of HDAC10 and
HDACI1, respectively. HDACI1 inhibition has been linked to
increased mitochondrial content and enhanced fatty acid oxida-
tion,”® while HDAC10 inhibition disrupts autophagosomes and lyso-
some fusion, reducing autophagy, damaging mitochondria, and
increasing ROS levels.”” Mitochondrial health is essential for CAR
T cell infiltration in the TME, persistence, and effector func-
tion.>”*%6%%1 Therefore, it is possible that the short-term HDAC10
inhibition ensuing from chidamide, might lead to mitochondrial
damage due to impaired autophagy, with the subsequent recovery
or compensatory mechanism promoting the formation of newer
and healthier mitochondria with improved performance, possibly
via mitophagy.®> Additionally, while reduced autophagy is known
to cause cellular dysfunction in T cells,****
bition can actually reduce exhaustion, delay differentiation, and shift
cells toward glycolysis.”

transient autophagy inhi-

Most experiments utilized cryopreserved GD2 TRAC-CAR T cells,
which may confound metabolic and mitochondrial morphology an-
alyses. However, fresh non-cryopreserved GD2 TRAC-CAR T cells
from a healthy donor were used for in vivo studies, where upregula-
tion of stem cell memory markers was confirmed. Although the GD2
TRAC-CAR T cells were treated with chidamide for 72 h, shorter
exposure produced similar shifts in Tscm surface markers
(Figures S25 and S26). For clinical integration, at least 24 h ex vivo
treatment with chidamide may be needed with product release based
on the upregulation of CD62L, CCR7, and/or IL-7Ra*. Ultimately,
these data suggest that chidamide can promote a Tscym phenotype
potentially independent of the Wnt/B-catenin signaling pathway
and may ameliorate the manufacturing of CRISPR-engineered
CAR T cells for NB and also adult solid tumors.
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MATERIALS AND METHODS

Cell lines

The human GD2+ tumor cell line CHLA-20 (NB) was provided by
M. Otto (University of Wisconsin-Madison). These cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
high glucose (Gibco, Thermo Fisher Scientific, Waltham, MA), sup-
plemented with 10% fetal bovine serum (FBS) (Avantor, Randor,
PA) and 1% penicillin-streptomycin (Gibco, Thermo Fisher Scienti-
fic, Waltham, MA). Tumor cell lines were lentivirally transduced
with AkaLUC-GFP (VectorBuilder, Chicago, IL). All cells were
maintained at 37°C in a 5% CO, atmosphere. Cell line authentication
was performed using genomic short tandem repeat analysis (IDEXX
BioAnalytics Westbrook, ME) and morphological assessment ac-
cording to American Type Culture Collection guidelines. Myco-
plasma contamination was routinely checked using the Mycoplasma
Detection Kit MycoStrip (InvivoGen, San Diego, CA).

CCK-8 cell counting assay

Two hundred thousand thawed GD2 TRAC-CAR T cells were plated
in 96-well round bottom plates and treated with HDACis for 72 h. A
CCK-8 (cell counting kit 8, Catalog No. GK10001, GLPBIO, Mon-
tclair, CA) was used to count cells according to the manufacturer’s
instructions.

Isolation of T cells and GD2 TRAC-CAR T cell manufacturing

T cells were isolated from leukocyte reduction system cones obtained
from the Oklahoma Blood Institute (Oklahoma City, OK) using nega-
tive selection with the EasySep Human T Cell Isolation Kit (cat.
no. 17951; STEMCELL Technologies, Vancouver, Canada). Alterna-
tively, T cells were isolated from peripheral blood of healthy donors
under a University of Wisconsin-Madison institutional review
board-approved protocol (2017-1070 and 2019-0865) using the
RosetteSep Human T Cell Enrichment Cocktail (cat. nos. 15021 and
15061; STEMCELL Technologies, Vancouver, Canada). The sequence
for a third-generation GD2-CD28-0X40-CD3( construct was pro-
vided by M. Brenner (Baylor College of Medicine). GD2 TRAC-
CAR T cells were manufactured by nucleofection or electroporation
of CRISPR/Cas9 (no. 9212-0.25MG, Aldevron, Madison, WI) and
Nanoplasmid HDR (Aldevron, Fargo, ND) templates into isolated
T cells with the 4D Nucleofector X unit (cat. no. V4XP-3032, Lonza,
Walkersville, VA) using pulse code EO-210 or the CTS Xenon Electro-
poration System (Thermo Fisher Scientific, Waltham, MA) using one
pulse at 1,720 V with a width of 20 ms and cultured in ImmunoCult-
XF T Cell Expansion Medium (cat. no. 10981; STEMCELL Technol-
ogies. Vancouver, Canada) supplemented with interleukin-7 (IL-7)
(10 ng/mL; cat. no. 207-IL-005/CF; Bio-Techne, Minneapolis, MN)
and IL-15 (10 ng/mL; cat. no. 247-ILB-005/CF; Bio-Techne, Minneap-
olis, MN) and maintained at 37°C in 5% CO, as previously
described.'*”" CAR T cells were frozen at 50e6 vials in 1.5 mL cryovials
in CryoStor CS10 (cat. No. 100-1061, StemCell, Vancouver, Canada).

Flow cytometry analysis
CAR was detected using a 1A7 anti-14G2A antibody (National Can-
cer Institute, Biological Resources Branch, Bethesda, Maryland) and
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conjugated to APC using a Lightning Link APC Antibody Labeling
kit (cat. no. 705-0010, Novus Biologicals, Centennial, CO). TCR
was detected using an anti-human TCR a/f antibody conjugated
to BV421 (Cat No 306722, BioLegend, San Diego, CA). Flow cytom-
etry to assess CAR and TCR positivity was performed on day 8 of
manufacturing on an Attune NxT flow cytometer (Thermo Fisher
Scientific, Waltham, MA). Immunophenotyping of cells was per-
formed immediately following HDAC inhibitor treatment of CAR
T cells using a spectral immunophenotyping panel on an Aurora
spectral cytometer (Cytek, Fremont, CA). In brief, cells were plated
in a 96-well round bottom plate (100k for CAR/TCR and 250k for
spectral immunophenotyping), washed with 200 pL of PBS, and
spun at 1,200 x g for 1 min, twice. Cells were then stained for
viability with GhostRed 780 (cat. no. 50-105-2988, Tonbo Biosci-
ences, San Diego, CA) or Live-Dead Blue (cat. no. L23105, Thermo
Fisher Scientific, Waltham, MA). For CAR/TCR staining, 1 pL of
GhostRed 780 was added to 10 mL of PBS to make a stock solution,
and 100 pL of stock solution was added to each sample and incubated
for 30 min in the dark. For spectral flow staining, Live-Dead Blue
stain was resuspended in 50 pL of DMSO, 1 pL added per 1 mL
PBS to make a stock solution, and 200 pL of stock solution added
to each sample and incubated for 30 min in the dark. After viability
staining, samples were washed twice and blocked for 30 min with
50 pL FACS buffer (0.5% BSA in PBS) with TruStain FcX solution
(0.5 pL/sample) (cat. no. 422301, BioLegend, San Diego, CA). Anti-
bodies were then added to 100 pL of FACS Buffer at the optimized
amounts found in Table S2 and incubated for 1 h. Cells were then
washed, resuspended in 200 or 75 pL of FACS buffer, and analyzed
on the Attune or Aurora, respectively. For spectral immunopheno-
typing, we used CD4, CD8, TCR, and CAR positivity to define pop-
ulations, and for all markers cells were gated by relative size, shape,
singlets, viability, TCR negativity, and CAR transgene positivity to
find an analyzable population of viable CAR T cells. All antibodies
are listed in Table S2.

In vitro CAR T cell cytotoxicity assay

A total of 5,000 CHLA-20 cells expressing GFP and luciferase
(AkaLUC-GFP-CHLA-20) were seeded in triplicate on 96-well plates
and incubated for 24 h at 37°C. Twenty-four hours later, 100,000
thawed CAR™ T cells, treated with or without HDAC inhibitors
and rested for 24 h, were added to each well for an E:T ratio of
10:1. The plate was centrifuged for 5 min at 100 x g and then placed
in the IncuCyte S3 Live-Cell Analysis System (Sartorius, GOttingen,
Germany) and stored at 37°C, 5% CO,. Images were taken every 4 h
for 72 h. Green object area was used to calculate the relative amount
of GFP* cancer cells in each well, and fluorescent images were
analyzed using the IncuCyte Base Analysis Software. The percent
cytolysis was calculated by the percent change in green object area
relative to initial time point at the beginning of the assay.

In vivo human xenograft study in NRG mice

All animal experiments were approved by the University of
Wisconsin-Madison Animal Care and Use Committee (ACUC pro-
tocol M006815). Male and female NOD-Ragl™"IL2rg"" (NRG)

mice (9-12 weeks old; Jackson Laboratory, Bar Harbor, ME) were
subcutaneously injected with 10 million AkaLUC-GFP CHLA-20
GD2" human NB cells in the flank to establish tumors. After
4 days, tumor engraftment was verified using bioluminescence mea-
surements on the Lago In Vivo Imaging System (Spectral Instru-
ments Imaging, Tuscon, AZ), the mice randomized, and baseline tu-
mor measurements taken again on day 0. Then, 1.5 million CAR"
T cells from day 23 of manufacturing were injected into the tail
vein of each mouse. Mice were imaged on the Lago every 7 days after
being sedated with isoflurane and intraperitoneal injections of
~100 pL/mouse at 1.25 mM AkaLumine (cat. no. 305AKA,
MediLumine, Montreal, Canada). To quantify the total flux in im-
ages, a region of interest was drawn around established tumors on
day 0 and calculated by Aura In Vivo Imaging Software (Spectral In-
struments Imaging, Tuscon, AZ). The total flux was calculated as the
number of photons emitted per second, per square centimeter of sur-
face area, into each steradian (photons/s/ cm?/ sr). The minimum flux
value was subtracted from each image to normalize for background
signal.

Flow cytometry staining of splenic lymphocytes

Spleens were removed, mechanically dissociated, and filtered using a
Corning 70 puM cell strainer. Suspensions were centrifuged for
10 min at 400 X g, and red blood cell (RBC) lysis was performed
with ACK lysing buffer (Lonza, Walkersville, VA) for 3 min. The
cells were then washed with PBS, centrifuged for 10 min at
400 x g, and resuspended in 1 mL of PBS. Cells were counted using
trypan blue exclusion on the Countess II FL Automated Cell
Counter. A total of 1 x 10° total cells was then added to 96-well
round bottom plates and stained for a spectral immunophenotyping
panel for analysis on an Aurora spectral cytometer (Cytek). In brief,
samples were washed with PBS, stained with Live-Dead Blue for
30 min, blocked with FACS buffer and TruStain FcX, and incubated
with the spectral immunophenotyping panel overnight at 4°C. For
spectral immunophenotyping, we used CD4, CD8, TCR, and CAR
positivity to define populations, and for all markers, cells were gated
by relative size, shape, singlets, viability, CD5 positivity, CD45 pos-
itivity, TCR negativity, and CAR transgene positivity to find an
analyzable population of viable CAR T cells. All antibodies and
amounts are listed in Table S2.

In vitro serial stimulation and flow cytometry analysis of GD2
TRAC-CART cells

Forty thousand CHLA-20 cells were added to 12-well plates; 80,000
thawed CAR" T cells were seeded and then incubated at 37°C, 5%
CO,. A total of 80,000 CHLA-20 cells were added every 2-3 days
for up to 10 days when the wells were harvested and stained for
flow spectral cytometry. In brief, 300,000 CHLA-20/CAR T cells
were washed with PBS, stained with Live-Dead Blue for 30 min,
blocked with FACS buffer and TruStain FcX, and incubated with
the spectral immunophenotyping for 1 h. For spectral immunophe-
notyping, we used TCR negativity to define populations, and for all
markers, cells were gated by relative size, shape, singlets, viability,
CD5 positivity, CD45 positivity, and TCR negativity to find an
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analyzable population of viable T cells. All antibodies and amounts
are listed in Table S2.

In vitro intracellular cytokine analysis

GD2 TRAC-CARTT cells were stimulated with CHLA-20 NB cells us-
ing a 5:1 E:T ratio for 24 h (5,000 CHLA-20 cells and 50,000 CAR™),
after which they were harvested for flow cytometry for internal expres-
sion of cytokines. Briefly, cells were treated with BD GolgiPlug Protein
Transport Inhibitor (Containing Brefeldin A) (1 pL/mL) (cat. no.
555029, BD Bioscience, San Jose, CA) for 4-6 h prior to staining.
Three hundred thousand CAR T/CHLA-20 cells were then added to
a 96-well round bottom plate, washed with PBS, stained with Live-
Dead Blue for 30 min, blocked with FACS buffer and TruStain FcX,
treated with the BD Cytofix/Cytoperm Fixation/Permeabilization
Kit (cat. no. 554714, BD Bioscience, San Jose, CA) according to the
manufacturer’s instructions, and incubated with anti-TCR, CD45,
IFN-vy, and perforin antibodies (Table S2) for 1 h.

Mitochondrial staining

The mitochondrial mass of GD2 TRAC-CAR T cells was measured
by performing flow cytometry on cells stained with MitoTracker
Red CMXRos (ref. 9082; Cell Signaling Technology, Danvers, MA,
USA). In brief, cells were stained with a stock solution of PBS con-
taining 0.01 pL/mL of MitoTracker Red CMXRos (200 pL per sample
of 250,000 T cells) for 20 min at 37°C, washed, and resuspended in
75 pL of FACS buffer (0.5% BSA in PBS).

Metabolite analysis

GD2 TRAC-CART cells were frozen on day 14 of manufacturing, sub-
sequently thawed overnight, and then treated with HDAC inhibitors
for 3 days prior to analysis. Supernatants were collected, acid-treated,
and neutralized to quench endogenous dehydrogenase activity, then
diluted in PBS per the manufacturer’s instructions. Lactate, malate,
glutamine, and glutamate levels were measured using Lactate-Glo,
Malate-Glo, and Glutamine/Glutamate-Glo (cat. nos. J6021, J5021,
JE9100, and J8021; Promega, Madison, WI), respectively. For each
donor, inhibitor-treated samples were expressed relative to the
matched untreated condition (percentage of untreated control).

Spectral flow cytometry data analysis

Analysis of spectral flow cytometry data was performed using Cytek’s
SpectroFlo program, Single positive controls for each color were
collected and analyzed in SpectroFlo for positive and negative pop-
ulations. SpectroFlo’s unmixing algorithm was then used to compen-
sate for spillover and autofluorescence of cells. Data were then
exported to FlowJo (v.10.10.0), where samples were gated for non-
debris, singlets, live cells, and downstream lineage markers. Median
fluorescent intensity for each sample was calculated and input into
Excel. Representative plots were generated in FlowJo using fluores-
cence minus one control to set positive gates.

Mitochondria staining and morphology analysis

Cells were stained using MitoTracker Red CMXRos (Ref: 9082; Cell
Signaling Technology, Danvers, MA, USA) according to manufac-
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turer’s protocol. A 1 mM stock solution was prepared by reconstitu-
tion in 94.1 pL of DMSO. Cells were incubated in a 50 nM working
solution diluted in PBS for 30 min at 37°C and 5% CO,. Cells were
washed twice with PBS and then plated in a glass bottom 96-well
plate (ref: 165306; Thermo Fisher Scientific) imaging via Thunder
Imager (Leica DMi8). Images were analyzed using the Mitochondria
Analyzer plugin in FIJI.

Oxygen consumption in culture

We continuously detected the oxygen consumption of TRAC CAR
T cells using the Resipher Platform (Lucid Scientific, Atlanta,
GA). Briefly, 100,000 T cells were added to a standard 96-well
plate in 200 pL of culture media. The lid was replaced with the
Resipher sensing lid that contains an individual oxygen sensor
for each well. The sensor continuously scans the media above cells
to calculate the vertical oxygen gradient. The Resipher optical
sensor magnetically attaches to the single-use lid that exports
data to a local hub and then the cloud for the analysis. We
scanned the media every 4 h and generated oxygen consumption
curves.

Western blot

Cells from two different donors were treated with HDAC inhibitors
at a concentration of 1 pM (chidamide, mocetinostat, or entinostat)
or 10 uM (DFK2 or FT895) for 72 h and subsequently lysed using
lysis buffer as previously described.”® Protein concentrations
were determined using the Bio-Rad Protein Assay Reagent (cat.
no. 5000006 Bio-Rad Laboratories, Hercules, CA, USA), and
80 pg of total protein was loaded onto SDS-PAGE gels. Proteins
were then transferred to PVDF membranes using the iBlot 3 system
(Thermo Fisher Scientific, Waltham, MA, USA). Membranes were
incubated overnight at 4°C with the appropriate primary anti-
bodies, washed three times, and then incubated with the corre-
sponding secondary antibodies for 1 h at room temperature.
Chemiluminescent signals were detected using Western ECL Sub-
strate (cat. no. 1705060, Bio-Rad Laboratories) and visualized
with the Azure Biosystems imaging system (Dublin, CA, USA).
Densitometry was performed using Image] (National Institutes of
Health, Bethesda, MD, USA).

Data analysis and software

All data analyses were performed in GraphPad Prism (v.10.0.2) and
Microsoft Excel. Statistical tests were done in GraphPad Prism and
indicated in the figure legends. Nanoplasmid sequences were de-
signed in Benchling. FlowJo was used to analyze .fcs files exported
from SpectroFlo and Attune NxT software. Representative flow plots
were exported from FlowJo. t-SNE plots were created using the
DownSample plugin from Flow]Jo to select for and cluster pooled
data in a concatenated .fcs file. Figures were created and organized
using Adobe Illustrator (v.28.0). A p value less than 0.05 was defined
as significant. Cohen’s effect size was calculated by dividing the dif-
ference between treated and control group means and dividing by
the pooled standard deviation of them. Data are presented as mean
[standard deviation] in the text.
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